S
everal studies have been conducted on the stresses around dental implants including bone quality and quantity, implant design, the use of cantilevers, the number and distribution of implants, and superstructure design. [1] [2] [3] [4] [5] [6] [7] [8] The in vivo studies pose considerable technical problems and have largely been confined to the studies of occlusal force transmission and the effects of superstructure design. Modeling with either mechanical models or computer simulations enables isolation of selected factors, but usually requires assumptions about some of the variables. To date, these have excluded functional deformation of the mandible, although this may have considerable effects on the outcome. 1 The human mandible presents complex elastic biomechanical behavior under functional loading. This is a result of both its horseshoe-shaped anatomical conformation and its complex structure of the constituent bone, which is an elastic, anisotropic, and inhomogeneous tissue and can be deformed. 9 ,10 According to Misch, 11 mandibular flexure may be more than 10 to 20 times the movement of a healthy tooth; therefore, it is important in the patient evaluation as much as tooth-implant connections. According to one of the most common prosthetic protocols, in totally edentulous patients treated with full-arch implant-supported fixed partial dentures(FPDs), the implants are more often surgically positioned in the interforaminal region for anatomical and surgical reasons and the prosthetic superstructure designed with cantilever distal extensions. 12 Even though the applicability of implants placed in the molar region has increased by virtue of innovative materials and techniques including shorter implants, bone grafts, and lateralization of the alveolar nerve, 1-piece superstructure remain the first choice when designing implant-retained prostheses. 6 -13 However, some authors 1, 9, 14, 15 have suggested that an implantsupported fixed restoration in the mandible designed as a single, continuous, and rigid bar can generate dangerous stresses because of the mismatch in deformations between the mandible and the FPD and bone loss around implants, material fracture, or screw around anterior implants that is often observed in full-arch implant restorations with distal cantilevers. In the anterior symphyseal region, in fact, the flexure has a more significant effect than in the posterior sections, and a cross-arch implant-supported fixed restorative system, which is more rigid than the bony tissue, does not follow the flexure of the mandibular bone and generates high-stress concentrations. 1, 16 Hobkirk and Havthoulas 1 confirmed the significance of a mismatch in the torsional rigidity of the mandible and superstructure and the necessity of a device that permits dorsoventral shear especially when the mandible is thin in the symphyseal region.
Few investigations have dealt with the measurement of dental arch deformation during static biting. According to the study by Korioth and Hannam, 17 the human jaw deforms during symmetrical and asymmetrical clenching tasks. This deformation is a complex phenomenon and includes the rotational distortion of the corpora around their axes. The degree of distortion depends on the clenching task. For instance, Korioth and Hannam 17 considered clenching in the group function, intercuspal, incisal, and molar positions. Maximum contraction of the dental arch occurred during incisal clenching (INC), which was accompanied by expansion of lower jaw border at anterior sites.
The aim of this study was to use finite element model (FEM) to evaluate the restraining effects imposed by 1-piece cross-arch superstructure on mandibular flexure caused by INC and observe the stress distribution.
MATERIALS AND METHODS
A 3-dimensional (3-D) FEM of a human mandible was created from computed tomography scan data of a cadaver. The images were obtained in small slice intervals (0.5 mm increments). Slices were assembled into a 3-dimensional object by means of commercially available software (Mimics; Materialise, Leuven, Belgium). Mimics was a 3-D image processing and editing software that converted scanned data to 3-D object. Then, the resulting object was exported to a finite element modeling software (SolidWorks 2003; SolidWorks, Concord, Mass) for simulation. Cortical bone of various thicknesses (1-1.5 mm) was defined around the cancellous core.
Three dimensional FEM of International Team Implantology dental implant (Institut Straumann AG, Basel, Switzerland) was created from measuring data provided by Measuring Projector ST 600-1000 (Messtechnik, Schwaigern, Germany). Measuring was done with the aid of polarized light and with 0.0001 mm accuracy. Besides, solid abutments (Institut Straumann AG) of ITI dental implants with a height of 5.5 mm were modeled in the same way. Five dental implants with a length of 12 mm and a diameter of 4.1 mm were incorporated into the model. The implants were placed in interforaminal region; meanwhile, they were in the center of the mandibular crest ( Fig. 1) . For superstructure modeling, primary principles of ceramometal prosthesis construction were undertaken; moreover, average dimension of each tooth was considered. Finally, an implantsupported 1-piece cross-arch FPD with bilateral cantilever segments was constructed. Cantilever extension was about 16.5 mm in length from the most distal implant (Fig. 1 ).
The constructed model was exported to finite element analyzing software (COSMOS Works 2003; SolidWorks) for analysis. Before starting the analysis, boundary conditions must be determined. These conditions define the relation between elements and characteristics of forces applied to them. In most previous finite element analysis studies, 3,8,18 -20 the material properties of cortical and cancellous bone were supposed to be isotropic, however, they are not, and anisotropy should be taken into consideration to improve the accuracy of calculations.
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In this study, cortical and cancellous bones were modeled as transversely isotropic and linearly elastic (Tables 1  and 2 ). A transversely isotropic material has a plane of isotropy and the elastic Node number indicates the number of force vectors assumed to be directly attached to the bone in order to simulate muscular forces. When seen from the front, the x-z plane was parallel to the floor, with the ϩx axis oriented toward the right, the ϩy axis running upward, and the ϩz axis oriented forward.
constants within the plane of isotropy are independent of orientation in this plane. A unique axis of symmetry lies perpendicular to the plane of isotropy. For cortical bone, the plane of elastic isotropy was in buccolingual direction, and the unique symmetry axis was along the mesiodistal direction. The unique symmetry axis for cancellous bone of the edentulous mandible was in the inferosuperior direction with the anatomical transverse plane being a plane of elastic isotropy.
In this study, mandible was subjected to the forces exerted by muscle groups, which were regarded as the most important during INC. According to the study by Korioth and Hannam, 17 during INC maximum contraction of dental arch happened. Therefore, INC was simulated to determine the effect of a 1-piece crossarch superstructure on mandibular flexure restriction. To simulate muscle forces over wide areas of attachment, the model was loaded with multiple force vectors. Groups of parallel vectors simulated 8 pairs of masticatory muscles (superficial and deep masseter, anterior, middle, and posterior temporalis, medial pterygoid, lateral pterygoid, and anterior digastric) assumed to be directly attached to the bone (Fig. 2) . Direction and magnitude of muscle forces were determined according to the study by Korioth and Hannam 17 (Tables 3 and 4) . For INC simulation, restraints were placed on the entire incisal surface of 2 mandibular incisors. These restraints acted perpendicularly to the occlusal plane, allowing freedom of displacement in the horizontal plane. Restraints were also placed bilaterally on condylar processes. During jaw movements, condyles pass through complex pathways that make their simulation very difficult. To simplify the modeling besides, considering the reality in this study, both condyles could rotate around an axis, which passed through condylar medial poles; however, their displacement in upward and outward directions was restricted. This kind of restraining was similar to previous studies. 9, 17 Model was meshed by tetrahedral elements. It consisted of approximately 239,099 elements and 391,951 nodes (Fig. 3) . The stress analysis was performed using Von Misses stress values, which summarized the effect of all the 6 stress components with a unique value.
RESULTS
Maximum Von Misses stress values were detected in condylar region (Fig. 4) . However, regarding bone implant interfaces, the highest stress concentration (26.2 MPa) was found at the buccal and lingual cortical bones of the most mesial implant (Fig. 5) .
The maximum Von Misses stress values detected in all implant sites are summarized in Table 5 . Considering strain distribution in this model, maximum strain was detected along condylar processes (Fig. 6) . Moreover, maximum strain values in periimplant bone were observed at the lingual aspect of implant no.3, and it was determined to be about 1680 microstrain.
To investigate the effect of 1-piece cross-arch superstructure on mandibular flexure, the amount of displacement in different parts of the model was measured. For this purpose, the values of deformations were calculated relative to a fixed point in the model (Fig. 7) . The highest flexibility and deformations were found at the mandibular angle (showing displacement of 0.35 mm).
DISCUSSION
For achieving reliable outcomes in 3-dimensional finite element analysis, models must imitate actual in vivo conditions as precisely as possible. For this purpose, mandibular bone modeled completely with cortical and spongy bones were considered to behave anisotropically. Because of symmetric state of INC, it was reasonable to model only half the mandible and shorten the analyzing time.
During INC, maximum stresses were detected around the mesial implant (restraint location), and there was a gradual decrease of detected stresses around posterior implants. This is parallel with the results of studies that used strain gauges on abutments either for patients or for acrylic models. 1, 5 Hobkirk and Havthoulas 1 placed 6 implants in an acrylic resin model of human mandible, and Duyck et al 5 used strain gauges on patients with an implantsupported fixed prosthesis.
Maximum stresses were found at the marginal cortical bone and bone implant interface surrounding the neck of the implants. Significantly, lower stresses were observed in the cancellous bone. This is in agreement with previous in vitro and in vivo studies. 3, 6, 7, 19 Radiographs are widely used to evaluate the amount of mesial and distal marginal bone loss as criteria for the clinical success of implants. 2 However, some other authors 3, 4, 18 have demonstrated that stresses concentrated at the buccal and lingual aspects are much higher than on the mesial and distal sides. The findings of this study that maximum stresses were concentrated at the buccal and lingual surfaces of the cortical bone were in close approximation with the mentioned outcomes.
It would be better if this model could be compared with a model without prosthetic superstructure and with the same geometry and loads. Considering this limitation, the results were evaluated as compared with previous studies. Direction and magnitude of muscular forces in this study were similar to the study by Korioth and Hannam. 17 In that study, mandibular flexure during INC was modeled and maximum mandibular deformation during a simulated INC was observed at the central incisor area and was about 0.62 mm. 17 In this study, maximum deformation occurred at the mandibular angle, and it was about 0.35 mm. According to the study by Zarone et al 9 full-arch implantsupported FPDs decreased the mandibular flexure to 77% to 53% (with 4 and 6 implants, respectively) of deformation of the mandible without a superstructure. Maximum mandibular deformation of this study was 56% of mandibular flexure in the study by Korioth and Hannam, 17 which mandible was without prosthetic superstructure. This is parallel to the study by Zarone et al, 9 and it can be said that in this study that a 1-piece cross-arch superstructure reduced the mandibular flexure to 56% of unimpeded mandible of the study by Korioth and Hannam. 17 It is suggested that other jaw functions such as opening and protrusion, which cause greatest jaw deformations and also other clenching tasks should be simulated.
In this study, maximum strain value was observed around the mesial implant, and it was 1680 microstrain. According to Frost theory, this amount of strain is within mild overload zone and must not be considered within the "safety range."
11 Therefore, considering the stress and strain concentrations, which are due to the mismatch between the mandibular and the superstructure deformations, when any doubt of increased mandibular deformation exists (in mandibles with a reduced cross section in the symphyseal region, high-muscular activity that causes greater mandibular flexure, and strong opposing occlusion), it is better to restore mandibular flexure by splitting the superstructure into shorter segments. Further studies can be done to evaluate the effect of multi-piece superstructures on mandibular flexure.
CONCLUSIONS
Within the limitations of this finite element study, the following conclusions were drawn.
1. Free bending of the mandible was inhibited by the presence of a 1-piece cross-arch superstructure relative to unrestricted mandibular models of previous studies. 9, 17 2. The highest stress and strain concentrations were found around the most mesial implant.
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